Abstract. The optical properties of human tissues are an important parameter in medical diagnostics and therapy. The knowledge of these parameters can encourage the development of automated, computer-driven optical tissue analysis methods. We determine the absorption coefficient μ a and scattering coefficient μ 0 s of different tissue types obtained during parotidectomy in the wavelength range of 250 to 800 nm. These values are determined by high precision integrating sphere measurements in combination with an optimized inverse Monte Carlo simulation. To conserve the optical behavior of living tissues, the optical spectroscopy measurements are performed immediately after tissue removal. Our study includes fresh samples of the ear, nose, and throat (ENT) region, as muscle tissue, nervous tissue, white adipose tissue, stromal tissue, parotid gland, and tumorous tissue of five patients. The measured behavior of adipose corresponds well with the literature, which sustains the applied method. It is shown that muscle is well supplied with blood as it features the same characteristic peaks at 430 and 555 nm in the absorption curve. The parameter μ 0 s decreases for all tissue types above 570 nm. The accuracy is adequate for the purposes of providing μ a and μ 0 s of different human tissue types as muscle, fat, nerve, or gland tissue, which are embedded in large complex structures such as in the ENT area. It becomes possible for the first time to present reasonable results for the optical behavior of human soft tissue located in the ENT area and in the near-UV, visual, and near-infrared areas.
Introduction
The optical properties of human tissues have an effect on many diagnostic and therapeutic applications in laser medicine, but they are also important for routine medical diagnostics. Light can penetrate and then escape tissue, which increases the interest in understanding the scattering and absorption properties of human tissues, as it is the basis for medical diagnostics and therapy. 1 Specifying the optical properties of human tissue is the initial step in interpreting measurements correctly. These properties can then be used to predict the light distribution and deposition in tissue for many applications, e.g., intraoperative tissue analysis.
Knowledge of in-vivo optical tissue properties can encourage the development of automatic optical tissue analysis methods. For example, computer-driven optical tissue analysis has a huge potential in diagnostic medicine and surgery. Surgeons use microscopes, endoscopes, high-definition cameras, and other devices for a better differentiation between different tissues during surgery. Computer-aided detection and augmentation of sensible structures and tissues could lead to better results and more reliability in surgical procedures, especially in the head and neck region, with many sensible structures present. 2, 3 For endoscopy-driven surgeries, the narrowband imaging technique of blood vessels in mucosal structures has proven the potential of using wavelength-filtered light to enhance the diagnostic outcome of visual patient data. 4 This technique uses light in the visual range. Broader knowledge of optical tissue properties could lead to new tools for other surgically relevant structures such as, for instance, nerves or tumor tissue.
Various authors have analyzed optical properties of several different human tissue types, such as different skin types and layers, blood, brain, breast, bone, liver, kidney, lung, muscle, and fatty tissues. 1, 5 These tissue types, except for muscle, have in common that they are easily distinguishable from surrounding tissues and thus are relatively easy to extract. Except for blood and skin, where extensive data are available, most studies mainly analyze a few data points in a relatively narrow wavelength range, mainly in the infrared (IR). These results, however, are usually not applicable to intraoperative usage, as tissue there is illuminated in the visual range from 400 to 700 nm.
Furthermore, most of these measurements have been performed ex vivo. The in-vivo optical properties of tissues, however, are substantially different, as living tissue is subject to influences of blood, water, and collagen content as well as fiber development. 6 These influences, e.g., the amount of blood that infiltrates the specific tissue types or the tissue-specific water content, differ from tissue type to tissue type as well as from patient to patient.
The most common method of quantifying optical properties in the ultraviolet (UV), visual, and IR spectral range of biochemical systems is optical absorption spectroscopy. 7 The optical properties of a tissue sample are described by the intrinsic optical parameters absorption coefficient μ a (mm −1 ), scattering coefficient μ s (mm −1 ), and the scattering phase function represented by the anisotropy factor g. 8 These parameters characterize tissue scattering in terms of the relative forward versus backward direction of scatter for thicker tissue samples (with multiple scattering events). An introduction to the optical properties is presented in Ref. 9 .
The aim of this study is to derive a set of empirical formulations to predict the optical properties of different types of human soft tissue in the anatomical region of ear, nose, and throat (ENT). Different kinds of fatty and muscle tissue have been already examined. [10] [11] [12] [13] [14] But to the best of our knowledge, the optical parameters μ a , μ s , g, and μ 0 s of other human ENT soft tissues, such as nerve and gland tissues, are currently not available. 1, 5 This work determines muscle, nervous, white adipose, and stromal tissues as well as parotid gland and tumorous tissues, extracted during parotidectomy. An improved integrating sphere technique combined with inverse Monte Carlo simulations (iMCS) [15] [16] [17] is used to determine the optical parameter μ a , μ s , and g of the tissue samples. An experimental setup is used that provides transmittance and reflectance measurements in the wavelength range from 250 to 800 nm under defined conditions.
Material and Methods

Patients
This study has been conducted with five patients, aged between 57 and 86 years. The patients had a parotid gland tumor and needed a conventional parotidectomy. The parotid gland is located anterior inferior to the ear (see Fig. 1 ) and is the largest of the three groups of paired large salivary glands. It is surrounded by fat, muscle, and stromal tissues. The gland itself is composed of a superficial lobe and a deep lobe divided by the posterior facial vein and facial nerve. During surgery of parotid gland tumors, the greatest difficulty is the extirpation of the entire tumor with safety margins while protecting the facial nerve. Patients' written informed consent for extracting healthy samples of muscle tissue, nervous tissue (N. auriclaris magnus, which is located next to the gland), white adipose tissue, stromal tissue, and parotid gland as well as tumorous tissue during the standard procedure have been provided. The tissues are extracted individually, selected during the surgery by the clinician. As local anatomy (cf. Fig. 1 ) and specific area of intervention differ from patient to patient, not all tissue types could be extracted from all patients. Table 1 shows the different extracted tissue types for each patient. In our study, we took a sample from a cystadenolymphoma. This benign tumor was located in the superficial lobe of the parotid gland and is the second most common salivary gland tumor. Generally, 64% to 80% of all salivary gland tumors occur in the parotid gland. Most of them are located in the superficial lobe in the parotid gland. 18 Due to the individual anatomy of each patient, the amount of extracted tissue differed as well, leading to different sample thicknesses d. After spectroscopy, all taken samples are additionally analyzed using normal histological examination to confirm the specific tissue type. The whole study is in agreement with the ethical approval obtained from the ethics committee of the Charité-Universitätsmedizin Berlin.
Spectroscopic Measurements
The tissue probes are prepared directly after being removed from the patient to fit on the cuvette, with a measured thickness 
Journal of Biomedical Optics 125001-2 December 2019 • Vol. 24 (12) between 103 and 551 μm, depending on the sample quantity. The diameter of the prepared probes is between 6.0 and 15.0 mm. Most measurements were taken in the first two hours after removal to obtain the optical properties of living tissue. To show the effect of degeneration and its influence on the optical behavior, four probes are additionally analyzed at different time instants t. The macroscopic optical parameters, diffuse reflectance R d , and the total transmission T t are measured every 5 nm in the spectral range from 250 to 800 nm, with an integrating sphere UV/visible spectrophotometer (Lambda 650, PerkinElmer, Germany), which is a two-beam spectrometer with double monochromator system. This leads to 111 datasets per measurement. The diameter of the incident light beam on the tissue sample is 4.5 mm and the scan rate is 5 nm∕s. A schematic representation of the sphere setup used in this study can be found in the work by Friebel et al. 15 in Fig. 1 . The light source consists of a deuterium lamp for the UV range and a wolfram halogen lamp for the visible/near-infrared (VIS/NIR) range. The cuvette can be fixed in a defined position at a constant distance to the sphere aperture in front of or behind the integrating sphere to measure the transmittance spectra T t or the reflectance spectra R d , respectively. For the measurement of T t , the reflectance port is closed with a diffuse reflecting Spectralon ® standard with a known reflectance spectrum. Here R d is measured relative to the reflectance standard by replacing the special Spectralon ® by the sample. The Fresnel reflectance of the cuvette glass leaves the sphere through the open Fresnel port to avoid interference with the diffuse reflectance. This spectrophotometric setup allows the measurement of macroscopic radiation distribution with an extremely reduced error potential. 15 
Inverse Monte Carlo Simulation
The optical parameters μ a and μ 0 s ¼ μ s ð1 − gÞ are obtained from the iMCS. The iMCS method, first presented by Roggan, 19 is adapted to the geometry of the measurement system 15 and uses iteratively forward Monte Carlo simulation to calculate μ a , μ s , and g from the measured reflection R d and transmission T t using a phase function. 8 For initialization, the iMCS uses estimated μ a , μ s , and g from the Kubelka-Munk theory. 15 The forward simulation uses the Newton-Raphson method 20 to find an approximation of R d ðμ a ; μ s ; gÞ and T t ðμ a ; μ s ; gÞ. These approximated R d and T t are compared to the measured values. In the case of significant difference, μ a , μ s , and g are varied and a next iteration of forward simulation takes place until the difference between measured and simulated R d and T t stays in the defined error margin. This process is repeated for all measured wavelengths. A detailed description of the used simulation sequences is described in the work by Friebel et al. 15 
Results
Fifty-four fresh tissue samples obtained from five patients during the planned surgery are used for the measurements. As the surgeon has decided based on the local patient anatomy how many and what kind of samples could be extracted, the number of samples differs between the patients and the tissue types. Table 2 shows the number of samples for each tissue type; in average three samples of one tissue type are extracted per patient. Figure 2 shows the measured reflectance R d of all six measured tissue types (fat, muscle, parotid gland, nerve, stromal tissue, and tumor). For each tissue type, two measurements are shown. All shown measurements, except for the stromal tissue, share the same setup parameter, in terms of measurement time t ≈ 20 min, sample size r ≈ 9 mm, and sample thickness d ¼ 0.5 mm. The stromal tissue parameters are t ≈ 35 min, r ≈ 9 mm, and d ¼ 0.16 mm. The reflectance behavior of each tissue type is consistent, while it differs between the tissue types. The discontinuity at 275 nm results from the change of the light source (deuterium lamp changes to wolfram halogen lamp).
The thickness of the samples spreads between d ¼ 0.10 and 0.55 mm, which has a certain effect on the results in terms of quantity. Since d plays a role in the simulation due to the step size of the photons, the simulation results of μ a and μ 0 s spread as well. Figure 3 shows the behavior for measurements of seven different samples of two patients with two different sample thicknesses d ¼ 0.5 and 0.1 mm. The curves of the probes with equal d underlie normal variation, while a variation in d results in a clearly visible deviation of the results in the UV range. Human tissue is not translucent for UV radiation, which describes the high μ a and μ 0 s in that range (cf. Figs. 4 and 6) . Consequently, the thickness d of the sample has a very strong effect on the measured data in this spectral area. As μ a is increased for smaller d, the iMCS overestimates the physical effects in the UV range. In the other spectral areas, the deviation is distributed randomly for all different values of d. Figure 4 shows the average optical absorption coefficient μ a of parotid gland, muscle tissue, and nervous tissue [in Fig. 4(a) ], as well as white adipose tissue, stromal tissue, and tumor [in Fig. 4(b) ] in the measured range of 250 to 800 nm. This behavior corresponds to the absorption curve of deoxygenated hemoglobin (Hb) from the literature, 1 which reflects that muscle as well as tumor tissue are strongly supplied with blood, while, e.g., nervous tissue holds less blood. The two peaks at 540 and 575 nm in stromal tissue (0.09 and 0.05 mm −1 ) as well as in fatty tissue (0.59 and 0.59 mm −1 ) correspond to oxygenated hemoglobin (HbO 2 ). 15 Differences in blood supply, oxygen consumption, pH, and temperature of the tissue types could explain this disparity between these two behaviors. Parotid gland, muscle, nerve, and tumor refer to Hb, while stromal and fatty tissue correspond to HbO 2 . As described by Boushel et al., 21 the saturation of O 2 in an organ depends on its current blood flow and work intensity. In addition to the fact that surgery affects the blood supply of the situs in an unforeseen manner, blood flow and oxygen consumption of organs and their enclosing tissues underlay various dynamic regulatory mechanisms. 22 Further, pH and temperature play a substantial role for the HbO 2 and HbCO 2 dissociation curves. 23 Thus, one further factor for the missing predominance of HbO 2 in some tissues could be the differences in the pH values. Due to the fact that there are no additional measurements of the mentioned blood parameters of the examined tissues, the exact reason for this finding could not been conclusively clarified.
Starting at about 600 nm, μ a is decreasing homogeneously in the NIR range, which also corresponds to literature regarding blood analysis. 1 For better visualization of the optical tissue coefficients in the range of 300 to 600 nm, which is the relevant range for intraoperative analysis, Fig. 4(c) shows the curves in logarithmic scale to point out interesting behavior. All coefficients remain approximately constant between 300 and 400 nm. Parotid gland, nerve, and stromal tissue are at about μ a ¼ 2 mm −1 , while muscle and tumor are increased and fat is lower (μ a ≈ 0.5 mm −1 ). After the described peak at about 430 nm, first stromal tissue decreases rapidly, while fat, stromal, and nervous tissue decrease rapidly at 600 nm.
As the reflectance R d and transmission T t measurements of the samples are performed directly after extraction and the amount and type of the extracted tissues differ from patient to patient, each sample is analyzed at different time instants t. Further, some tissue samples have been large enough to be analyzed at several different sample regions. In Fig. 5 , six spectra of nervous tissue samples, each measured at three different time instants t, are shown. As is seen, the effect of degeneration has an effect on the optical absorption behavior μ a ; μ a decreases with increasing degeneration time in the near-UV and visual range (from 300 nm upward). The scattering behavior does not show such effect. This behavior of absorption and scattering corresponds to published mouse data. 6 For comparison with data from the literature, the absorption spectra of fatty tissue are analyzed. The measured curve for fatty tissue [cf. Fig. 4(b) , dotted curve] corresponds well to the published data points in the literature. 11, 12, 14 Additionally, the average coefficients of muscle [cf. Fig. 4(a) , dashed curve] correspond very well to the single sample measurement from Simpson et al., 13 and the four extracted data points 11 (633, 700, 750, and 800 nm) of μ a and μ 0 s fit to our measured data (see Table 3 ); however, they show a constant offset caused by the measurement and equipment uncertainties.
The scattering curves of the six analyzed tissue samples [see Figs. 6(a) and 6(b)] show the effective scattering coefficient μ 0 s ¼ μ s ð1 − gÞ. At 600 nm, μ 0 s is in the range between 1.19 mm −1 (with std of 0.196 mm −1 ) for fatty tissue and 2.35 mm −1 (with std of 0.392 mm −1 ) for parotid gland, and it decreases continuously with increasing wavelength. In the NIR range, the curves of muscle, fat, and stromal tissue almost or exactly overlap, while the curves of parotid gland and nerve overlap in the visual range of 490 to 600 nm (green to orange) and start to continuously decrease in that region. Thus, there are not many differences present between the individual soft tissue types in the red and NIR range, which makes it difficult to distinguish between the single tissue types. Only small offsets are visible between some types, while tumor and stromal tissues as well as fatty and muscle tissues or parotid gland and nerve almost overlap.
In the visual and near-UV range, several characteristics are present (cf. Fig. 6 ). As reported in literature, 24 these characteristics correspond to the behavior of the anisotropy factor g. Stromal and fatty tissues show small double peaks at 550∕ 565 nm with μ 0 s ¼ 2.25∕2.13 mm −1 for stromal tissue and at 540∕575 nm with μ 0 s ¼ 1.51∕1.47 mm −1 for fatty tissue. These peaks correspond to μ The average percentage std over the whole analyzed spectrum for the six tissue ranges from 11.98% (for stromal tissue) and 12.65% (for tumor) to 18.13% (for fat) and 21.89% (for muscle). Parotid gland and nerve hold a std of 17.76% and 17.61%, respectively. The highest deviation occurs in the near-UV range (between 250 and 295 nm) for all six analyzed tissue types. The smallest deviation is always achieved in the visual spectrum (up to 780 nm).
Discussion and Conclusion
In this study, a high precision integrating sphere setup for measuring R d and T t in combination with a high resolving iMCS is used to determine the intrinsic optical parameters μ a and μ 0 s of human soft tissue (fat, muscle, parotid gland, nerve, stromal tissue, and tumor tissue) in the wavelength range of 250 to 800 nm. This is in contrast to most of the results on tissue behavior presented in the literature, which mostly concern the IR range. As the visual range is of high interest to the surgeon for carrying out daily diagnostic and therapeutic interventions with or without microscopic and endoscopic support, this is the spectral range of interest in this study. Table 3 The analyzed muscle data with the four muscle data points published in literature. 11 The basic behavior and trend of the measured and literature data are the same but show a constant offset of approximately þ0.03 for μ a and −0.2 for μ 0 s . Although the first published results on fat, blood, and skin have already been shown, there is still insufficient data for the tissue types that are important to clinicians and surgeons, such as nerve and gland tissues and in particular different types of tumors and chronic inflammation. This study reduces this gap significantly. However, this study has some limitations: no real in-vivo measurements were possible due to the measurement setup, which is a limitation for further intraoperative analyses. In addition, it was not possible to extract every tissue type from all patients. As a result, stromal and tumor tissues are each only analyzed from a single patient. Consequently, only one tumor type is examined in this study. The tumor sample is from a cystadenolymphoma. It is supposed that different tumor types show variance in μ a and μ 0 s , because they consist of different cell types. This means that the results of parotid tumor tissue acquired in this study only can be a representative for cystadenolymphoma.
All tissue types show characteristic peaks for μ a and μ 0 s corresponding to the behavior of hemoglobin. These peaks vary in intensity depending on the type of tissue. For tissue with high blood flow (e.g., muscle and tumor), more pronounced peaks could be observed than for tissue with low blood flow (e.g., nerve). As it was not possible to control blood parameter as the actual blood flow, oxygen consumption, and pH of the specimen during surgery, while extracting the samples, the corresponding oxygenation status could not be determined. Therefore, this study cannot conclusively clarify why some tissue types hold the single peak of deoxygenated Hb in the absorption spectrum and other tissue types hold the double peak of oxygenated Hb.
Since no in-vivo measurements are possible due to the measurement setup, but the in-vivo tissue properties are of clinical interest, the samples are prepared and measured immediately after collection. In addition, it is shown that degeneration of the tissue causes the absorption coefficient μ a to drop. Thus, the principle in-vivo tissue properties can be deduced from the presented results, as the measurements are carried out next to the surgery site with minimal time delay. 6 We have shown that fundamental variances exist for the investigated tissue types in the visual range. Especially from 300 to 600 nm, large differences in the specific tissue behavior (i.e., the measured reflectance values R d as well as the determined optical parameters μ a and μ 0 s ) can be detected. These differences in the optical parameters substantiate the validity to detect and identify, automatically or semiautomatically, tissue types for active treatment decisions during imageguided surgery. 2, 25, 26 Intraoperative tissue properties can be analyzed using multispectral imaging to point out tissue differences in the visualization process using the knowledge acquired in this study. By contrast, it seems possible to use the results presented here to learn a classifier that makes tissue types more distinguishable intraoperatively.
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